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ABSTRACT Although spectral remote sensing techniques have been used to study many ecological
variables and biotic and abiotic stresses to agricultural crops over decades, the potential use of these
techniques for greenbug, Schizaphis graminum (Rondani) (Hemiptera: Aphididae) infestations and
damage to wheat, Triticum aestivum L., under Þeld conditions is unknown. Hence, this research was
conducted to investigate: 1) the applicability and feasibility of using a portable narrow-banded
(hyperspectral) remote sensing instrument to identify and discern differences in spectral reßection
patterns (spectral signatures) of winter wheat canopies with and without greenbug damage; and 2)
the relationship between miscellaneous spectral vegetation indices and greenbug density in wheat
canopies growing in two Þelds and under greenhouse conditions. Both greenbug and reßectance data
were collected from 0.25-, 0.37-, and 1-m2 plots in one of the Þelds, greenhouse, and the other Þeld,
respectively. Regardless of the growth conditions, greenbug-damaged wheat canopies had higher
reßectance in the visible range and less in the near infrared regions of the spectrum when compared
with undamaged canopies. In addition to percentage of reßectance comparison, a large number of
spectral vegetation indices drawn from the literature were calculated and correlated with greenbug
density. Linear regression analyses revealed high relationships (R2 ranged from 0.62 to 0.85) between
greenbug density and spectral vegetation indices. These results indicate that hyperspectral remotely
sensed data with an appropriate pixel size have the potential to portray greenbug density and
discriminate its damage to wheat with repeated accuracy and precision.
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Greenbug, Schizaphis graminum (Rondani) (Hemi-
ptera: Aphididae) is an economically important pest of
winter wheat, Triticum aestivum L., in the southwest-
ern United States. Greenbugs inject toxic salivary se-
cretions into plant cells, which break down cell walls
to facilitate feeding as they extract plant nutrients.
Greenbug feeding causes signiÞcantly lowered dry
weight, leaf area, aerial growth, chlorophyll content,
and consequently the photosynthetic rate of barley,
Hordeum vulgareL.; sorghum, Sorghum bicolorL.; and
wheat (Castro et al. 1988; Riedell and Blackmer 1999;
Nagaraj et al. 2002a,b). Furthermore, severe degen-
erative changes in vascular cells of susceptible wheat
can be caused by greenbug feeding. Morgham et al.
(1994) observed that ultrastructural changes include
disruption of chloroplast, cellular membranes, and en-
largement of the plastoglobuli within the chloroplast.
They found cellular organelles degenerated drasti-
cally as a result of greenbug feeding to a degree that
primary structural features could not be distinguished.

Greenbug feeding manifests as chlorotic and necrotic
lesions, leading to the death of infested leaves and
eventually the whole plant (Brooks 1991, Riedell and
Blackmer 1999). Greenbug infestations in wheat do
not occur in any predictable pattern in space and time
and usually are not uniform; rather, they occur in
clusters referred to “greenbug hot spots” in wheat
Þelds (Yang et al. 2005).

To improve crop production and protection, it is
essential to have better tools for detecting stress. Using
remote sensing instruments, it is possible to monitor
changes in crop health over the course of a growing
season (Richardson et al. 2004). The presence of dis-
ease or insect feeding on a plant or canopy surface
causes changes in pigment and chemical concentra-
tions, cell structure, nutrient and water uptake, and
gas exchange, which lead to differences in color and
temperature that can modify canopy reßectance char-
acteristics (Raikes and Burpee 1998). Therefore, re-
mote sensing provides a harmless, rapid, and cost-
effective means of identifying and quantifying crop
stress from differences in the spectral characteristics
of canopy surfaces affected by biotic and abiotic stress
agents.

In a healthy leaf or canopy, reßectance in the visible
(400Ð700 nm) range is relatively low due to light
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absorbed by photosynthetic pigments, particularly in
the blue (425Ð492 nm) and red (645Ð700 nm) regions
of the visible spectrum (Gates et al. 1965). Near in-
frared (NIR) energy (700Ð1,900 nm) is reßected by
plant cells deep within the leaf, and high internal
scattering within leaf tissue is also responsible for
higher NIR reßectance compared with other regions
of the spectrum (Nilsson 1995). Plant stressors or
diseases that cause a reduction in photosynthetic pig-
ment concentrations lead to a reduction in absorption,
and, consequently, to an increase in reßectance of
light in the visible spectrum. However, reßectance in
the NIR wavelengths is decreased as internal leaf
structuredegenerates.Leaf areadecreasedbydiseases
or insect pests also reduces reßectance in the NIR
region (Nilsson 1980).

These reßectance differences in the visible and NIR
regions have led to the development of spectral veg-
etation indices. Spectral vegetation indices are math-
ematical transformations of reßectance values at dif-
ferent parts of the spectrum, intended to normalize
the measurements made in varied environmental con-
ditions. Varied environmental conditions may include
differences in plant species, solar angle, shadowing,
illumination, canopy coverage, soil background, atmo-
spheric condition, and viewing geometry of device
over space and time (Riedell and Blackmer 1999, Yang
et al. 2005). In general, some of these indices were
designed to measure leaf chemistry, whereas the re-
maining indices were developed to evaluate the vari-
ations in vegetative attributes. Perhaps the best known
and most popular indices are the Simple Ratio (SR)
proposed by Jordan (1969) and the Normalized Dif-
ference Vegetation Index (NDVI) developed by
Rouse et al. (1973) by using broad-banded or multi-
spectral remotely sensed data. Since then, these indi-
ces have been modiÞed and used under different
names, such as the Green Red Ratio (GRR) (Tucker
1979), Soil Adjusted Vegetation Index (SAVI) (Huete
1988), and further derived versions of the SAVI: Trans-
formed SAVI, ModiÞed SAVI, Optimized SAVI, and
Generalized SAVI (see Baret and Guyot 1991, Qi et al.
1994, Rondeaux et al. 1996, Gilabert et al. 2002, re-
spectively). With advances in hyperspectral remote
sensing instruments, more spectral vegetation indices
were developed for detection and quantiÞcation of
photosynthetic pigments, nutrient deÞciencies, and
stresses; for example, the Red-Edge Vegetation Stress
Index (RVSI) (Merton 1998), Yellowness Index (YI)
(Adams et al. 2000), Anthocyanin Reßectance Index
(ARI) (Gitelson et al. 2001), and Carotenoid Reßec-
tance Index (CRI) (Gitelson et al. 2002).

SigniÞcant correlations between the spectral reßec-
tance data and symptoms of net blotch in barley,
glume blotch in winter wheat, and both diseases in
spring wheat were reported by Nilsson (1991). Nilsson
and Johnsson (1996) reported signiÞcant correlations
between the radiometric assessment of barley stripe
disease and grain yield. Lelong et al. (1998) identiÞed
differences in well-developed and stressed wheat can-
opies by using principal component analysis in an
image. Riedell and Blackmer (1999) conducted a

greenhouse study using a portable spectrometer to
identify wavebands sensitive to greenbug stress to
wheat, and they found that reßectance from the leaf
in the 625Ð635 nm and 680Ð695 nm as well as the
Normalized Total Pigments to Chlorophyll a Ratio
Index (NPCI) were good indicators of chlorophyll loss
and leaf senescence caused by greenbug feeding dam-
age. Yang et al. (2005) used a hand-held radiometer in
greenhouse experiments to characterize greenbug
stress in wheat and found that a waveband centered at
694 nm and spectral vegetation indices derived from
wavelengths centered at 800 and 694 nm were most
sensitive to greenbug-damaged wheat.

AlthoughspectraldetectionandquantiÞcationhave
been successful in plant science, local or widespread
occurrence of greenbug infestations and damage to
wheat in production Þelds have not been documented
using this technique. A limited number of investiga-
tions dealing with remote measurements of crop stress
caused by greenbug infestation addressed greenbug
damage to wheat growing in controlled environments.
However, it has not been conÞrmed whether the Þnd-
ings of these investigations in greenhouses can be
practical in Þeld situations. In a review of a large body
of published information, Pinter et al. (2003) con-
cluded that the spectral properties of crop canopies in
the Þeld are more complex and not similar to leaves or
plants studied under carefully controlled illumination.
Therefore, remote sensing research in real-time Þeld
use is desirable to provide spatial and temporal infor-
mation for natural greenbug infestations.

Satellite remote sensing has the limitations of long
time intervals between image acquisition and course
generally spatial resolution. Aircraft remote sensing
suffers from difÞculty in georeferencing imagery ac-
curately enough to identify subtle, Þne scale, changes
in greenbug density within the Þeld. These limitations
make satellite and airborne remote sensing somewhat
problematic for testing the relationship between re-
ßectance and greenbug density. Therefore, a logical
Þrst step is to use a Þeld spectrometer for understand-
ing the spectral response of greenbug-stressed wheat
canopies and developing spectral signatures because
ground-based sensors have better spatial and spectral
resolution to differentiate greenbug stress than air-
borne or space based platforms. In addition, spectral
measurements of a greenbug-stressed wheat canopy
made with a Þeld spectrometer can be used as a fun-
damental ground-truth for satellite and aerial images.
Little information is available in the literature as to
whether remote measurements of reßected spectra
from greenbug-infested Þeld-grown wheat can be cor-
related with greenbug density.

The objective of the current study was twofold: 1)
to examine the spectral reßectance throughout the
visible and NIR regions of the spectrum of nonstressed
wheat canopies and wheat canopies stressed from
greenbug feeding; and 2) to investigate relationships
between spectral vegetation indices and greenbug
density in wheat growing in the Þeld and greenhouse
environments by using a hand-held hyperspectral re-
mote sensing instrument. The greenhouse experiment
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was conducted to verify how well the results obtained
from a controlled environment (greenhouse) corre-
spond to the outcomes of the data collected from
Þelds.

Materials and Methods

Site Locations and Greenhouse Experiment. Nat-
urally occurring greenbug infestations at two locations
in Texas were identiÞed in fall 2003 and in spring 2005.
The Þrst infestation was in a volunteer winter wheat
Þeld in Moore County near Dumas, TX, (35� 84� N,
101� 96� W, altitude �1,098 m) in late fall 2003 (Þeld
1 hereafter). The second infestation was in a winter
wheat Þeld in Hardeman County near Chillicothe, TX
(34� 25� N latitude, 99� 49� W, altitude �410 m) in early
spring 2005 (Þeld 2 hereafter). In addition to natural
greenbug infestations in wheat Þelds, a greenhouse
experiment using wheat grown in ßats was conducted
at theTexasA&MUniversity,AgriculturalExperiment
Station facilities at Bushland, TX, in spring 2005.
Sampling Procedure. In Þeld 1, eight patches of

greenbug-damaged wheat were located in total. An-
other eight patches of undamaged wheat (neither
greenbugs nor visual evidence of greenbug damage
were found on wheat) were located as near as possible
to the damaged samples through a ground survey on
21 November 2003. In total, eight 0.25-m2 sample plots
were established in each of the greenbug-damaged
and undamaged wheat patches. The plot locations
were selected to represent a range of stress severity;
thus, sampling was not random. To randomly sample
the study Þeld and still have the same range of stress
levels would have required many more plots than the
logistics of the study could accommodate. Another
reason for systematic sampling rather than random
sampling is that the greenbug infestations in wheat
usually do not occur uniformly but rather in clusters
referred to “greenbug hot spots” (Yang et al. 2005), as
in Þeld 1. The wheat crop was at approximately veg-
etative growth stage 30 measured by the ZadokÕs scale
(Zadok et al. 1974). In Þeld 2, two 200-m transects
were set up, and 18 1-m2 greenbug-damaged wheat
plots in total (nine plots for each transect) were es-
tablished at 20-m intervals on 18 March 2005. To es-
tablish control samples, another two 200-m transects
were set up in a neighboring uninfested winter wheat
Þeld (neither greenbug nor visual evidence of green-
bug damage were found on wheat). Eighteen 1-m2

undamaged wheat plots were located at 20-m intervals
in that Þeld. The wheat variety was the same in Þeld
2 and the neighboring Þeld. The wheat crop was at
approximately vegetative growth stage 32 measured
by the ZadokÕs scale in both Þelds.

The greenhouse experiment involved two treat-
ments: 1) greenbug-infested and 2) uninfested (con-
trol) wheat. There were 10 replications of each treat-
ment. On 10 March 2005, 288 wheat seeds with seed
spaced at 2.5 by 3.2 cm per ßat were planted in each
of 20 wooden ßats (64 by 61 by 9 cm) containing Þeld
soil as the growth medium. Ten randomly selected
ßats were put in one greenhouse, and the remaining 10

ßats were kept in another greenhouse separated by a
breezeway. On 2 May 2005 when the wheat was at
approximately vegetative growth stage 23, 10 wheat
ßats were infested with greenbugs at densities of 100
in three ßats, 200 in two ßats, 500 in three ßats, and 700
in the remaining two ßats. The remaining 10 ßats were
kept free of greenbugs. All ßats were watered three
times per week. Twenty-one days after infesting, ßats
of both treatments were transported outside of the
greenhouse so as to make spectral measurements and
take digital images in the full sun.
Remote Sensing Measurements. Spectral measure-

ments were made with an Ocean Optics S2000 hyper-
spectral hand-held spectrometer (Ocean Optics Inc.,
Dunedin, FL). The spectrometer is a linear, charge-
coupled device-array detector that collects reßec-
tance data from 339.71 to 1,015.52 nm with a contin-
uous spectral resolution � 0.33 nm. The dark current
andwhiteSpectralonreference readingswere takenat
the beginning of every eight to 10 samples (approxi-
mately every 15 min). The hyperspectral spectrome-
ter was mounted on a pole and elevated �75 cm above
the ßat surface to collect reßected light from the
wheat canopy over 0.37-m2 sample areas. The same
spectral measurements of the wheat canopy were ap-
plied for Þelds 1 and 2 with the exception of spec-
trometer elevations above the sample plots. Spectrom-
eter elevations were kept �65 and 220 cm to record
the reßectance over 0.25- and 1-m2 sample plots for
Þelds 1 and 2, respectively. The Þeld of view of the
spectrometer is 25�. To reduce the sheer volume of
data recorded for each plot by the spectrometer, ad-
jacent wavelengths were initially averaged to 1-nm
intervals. To determine the best band centers and
spectral resolutions in relation to greenbug density,
the boundaries of the band centers were then in-
creased through nine iterations by averaging every 2,
3, . . . , 10 neighboring bands.

Along with the spectral measurements, high-quality
(TIFF) digital images were taken by a Nikon Cool-
pix5000 digital camera that was mounted on a pole and
kept 200 cm above and perpendicular to the ßats and
sample plots to cover areas slightly larger than the 0.37,
0.25, and 1 m2 for greenhouse experiment, and Þelds
1 and 2, respectively. Before taking digital images in
Þelds 1 and 2, 0.25- and 1-m2 frames were placed over
the samples, respectively. All images from Þelds 1 and
2 and greenhouse experiment were subsampled by
digitizing the area inside the 0.25- and 1-m2 frames and
0.37-m2 ßats. Both image and reßectance data acqui-
sition started at 1130 and ended at 1330 hours to keep
the effect of the sun angle similar for all samples.

Subsampled images were used to determine green-
bug damage on leaves caused by greenbug feeding by
processing the digital images through ASSESS: Image
Analysis Software for Plant Disease QuantiÞcation
(Lamari 2002). ASSESS measures leaf area, percent-
age of disease, root length, lesion count, and percent-
age of soil and vegetative cover (Lamari 2002). The
quantitative amount of leaf tissue affected by green-
bug was determined by masking and thresholding by
using hue saturation intensity (HIS) color space and
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saturation values on leaves. The percentage damage
by greenbugs was then calculated as lesion pixels/leaf
pixels � 100%.
Aphid Data Collection. In Þeld 1, after reßectance

data and image acquisition, an SH 85 Vacuum/Shred-
der aspirator (Stihl Inc., Virginia Beach, VA) was used
to collect greenbugs from the eight sample plots by
placing a screen into the hose of the machine and a
0.25-m2 heavy metal frame on the ground. The col-
lected greenbugs were gently placed in plastic bags
with wheat leaves to keep them alive, and transported
to the laboratory. Within 24 h of sampling, greenbugs
were counted in the laboratory. In Þeld 2 and the
greenhouse experiment, 20 tillers were randomly
taken inside of each 1-m2 frame and 0.37-m2 ßat, re-
spectively, and greenbugs were counted on them.
Subsequent to counting greenbugs on the 20 tillers,
the number of wheat tillers within each frame and ßat
were tallied, and greenbug densities were estimated as
follows: total aphid per frame or ßat � (total tillers �
total aphid on 20 tillers)/20. Greenbug densities were
reestimated for Þelds 1 and 2 and reported in the same
unit area (0.37 m2) used in the greenhouse experi-
ment.
Spectral Vegetation Index Computations. A large

number of spectral vegetation indices compiled from
the literature were calculated to investigate their re-
lationships with greenbug densities. Two of them that
had the strongest relationships with greenbug density
were chosen for each data set and compared across the
Þelds and the greenhouse experiment. Along with the
two indices chosen for each Þeld and the greenhouse
experiment, a modiÞed (Peñuelas et al. 1995) Struc-
ture Insensitive Pigment Index (SIPI) using different
waveband combinations was calculated. The original
formulation of this index is as follows:

SIPI � (�800 � �445)/(�800 � �680)

where �800, �445, and �680 are reßectance values from
the bands centers at 800, 445, and 680 nm, respectively.
The adjusted version of these indices in the present
research (Aphid Index; [AI] hereafter) is as follows:

AI � (�1 � �2)/(�3 � �4)

where �1 is reßectance in the range from 700 to 850
nm, �2 is from 850 to 950 nm, �3 is from 500 to 750 nm,
and �4 is from 500 to 750 nm but greater than �3.
SpeciÞcally, (AI) � (�761 � �908)/(�712 � �719) was

used in the current study. Throughout this research,
the band centers used to calculate spectral vegetation
indices were slightly increased or decreased by re-
placement of modiÞed wavebands for the Ocean Op-
tics hyperspectral data.

S-PLUS 7.0 for Windows (Insightful Inc., Seattle,
WA) was used for linear regression analyses to quan-
tify the relationship between vegetation indices and
greenbug density. Greenbug density was set as the
independent variable and the spectral vegetation in-
dices set as the dependent variable. A paired t-test
procedure for comparing greenbug-damaged and un-
damaged wheat canopies for each Þeld was conducted
using S-PLUS 7.0 for Windows.

Results

Greenbug density varied widely between the Þeld
and greenhouse experiments (Table 1). The lowest
greenbug density with a mean (�SE) 283 � 33 green-
bugs per 0.37 m2 was found in Þeld 1, whereas the
greenhouse experiment had the highest greenbug
density with an average 54,209 � 7,908 greenbugs per
0.37 m2 (Table 1). Greenbug density in Þeld 2 fell
between that of Þeld 1 and the greenhouse experiment
with an average 3,183 � 522 greenbugs per 0.37 m2

(Table 1). The percentage of damage to wheat due to
greenbug feeding ranged from slight (7%) to severe
(98%) across the Þeld and greenhouse experiments.
Estimated percentage of damage using ASSESS for the
study Þelds and greenhouse experiment are given in
Table 1. The highest mean percentage of damage was
found in the greenhouse experiment (73 � 7),
whereas Þeld 1 had the lowest average percentage of
damage (35 � 2).

Paired t-test comparisons of undamaged and green-
bug-infested wheat canopies yielded signiÞcant dif-
ferences (� � 0.01) in all areas of the spectrum ex-
amined (Table 2). Representative average reßectance
spectra measured from the greenbug-damaged and
undamaged wheat canopies are presented in Fig. 1.
Figure 1 shows that the spectral characteristics of the
wheat canopies were markedly affected by greenbug
damage. Regardless of the growth conditions, the re-
ßectance of wheat canopies in the NIR region was
signiÞcantly lower in contrast to a signiÞcant increase
in the visible spectrum due to greenbug feeding (Ta-
ble 2; Fig. 1). The undamaged wheat canopies always

Table 1. Greenbug density and damage to winter wheat at two field and one greenhouse location

Study Þelda Greenbug density (0.37 m2) and damage (%) Min. Mean Max SE LCI (0.95) UCI (0.95)

Field 1 Greenbug density 123 283 423 33 207 360
Damage 27 35 43 2 31 40

Field 2 Greenbug density 58 3,183 6,429 522 2,081 4,285
Damage 7 47 85 5 36 58

GrHs Exp Greenbug density 15,120 54,209 88,387 7,908 36,320 72,099
Damage 39 73 98 7 56 89

Min, minimum; Max, maximum; LCI, lower conÞdence interval; and UCI, upper conÞdence interval.
a Field 1, Moore County near Dumas, TX, sampled on 21 November 2003; n � 8. Field 2, Hardeman County near Chillicothe, TX, sampled

on 18 May 2005; n� 18. GrHs Exp, Greenhouse experiment, Texas Agricultural Experiment Station at Bushland, TX, sampled on 23 May 2005;
n � 10.
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captured more (reßected less) light than the green-
bug-damaged wheat canopies in the range from 400
nm to the red edge shoulder at 720 nm for the green-
house experiment, 730 nm for Þeld 2, and 740 nm for
Þeld 1.

Using the reßectance at certain waveband centers
in spectral vegetation indices indicated that there ex-
isted very weak to strong associations between the
spectral vegetation indices and greenbug data (Table
3). Wavelengths ranging from the green to lower in-
frared (500Ð915 nm) were found to be the most in-
formative in terms of exhibiting a good relationship to
greenbug density. The best correlations were revealed
between greenbug density and ratio-based spectral
vegetation indices, particularly NDVI, SR, and their
counterparts using different waveband combinations
with a spectral resolution of 7 nm. In Table 3, coefÞ-

cients of determination for the newly derived AI, and
six spectral vegetation indices with the highest R2 for
each of the three data sets (Þelds 1 and 2 and the
greenhouse experiment) are presented. For Þeld 1, AI
had the highest relationship with greenbug density
(R2 � 0.69) followed by the Physiological Reßectance
Index (PRI; R2 � 0.45) of Peñuelas et al. (1994) and
the Red Green Ratio (RGR; R2 � 0.17) of Gamon and
Surfus (1999). For Þeld 2, AI also had the highest
coefÞcient of determination (R2 � 0.62), followed by
the Infrared Red Ratio (IRR; R2 � 0.60) of Tucker
(1979) and ModiÞed Chlorophyll Absorption Reßec-
tance Index (MCARI; R2 � 0.55) of Daughtry et al.
(2000). In the greenhouse experiment, the highest R2

values were found for the Green Normalized Differ-
ence Vegetation Index (GNDVI) developed by Gi-
telson and Merzlyak (1997) and NDVI (Rouse et al.

Table 2. Paired t-test comparison of percentage of reflectance between greenbug-infested and uninfested winter wheat for two field
and one greenhouse experiments at five wavelength intervals

Study Þelda
Wavelength (nm)

400Ð499 400Ð724 500Ð599 600Ð724 725Ð900

Field 1 Infested vs. uninfested t 6.88 8.91 11.14 14.81 �18.13
P �0.00 �0.00 �0.00 �0.00 �0.00

Field 2 Infested vs. uninfested t 14.16 10.69 12.72 10.19 �29.83
P �0.00 �0.00 �0.00 �0.00 �0.00

GrHs Exp Infested vs. uninfested t 3.39 6.07 4.96 7.10 �26.64
P �0.00 �0.00 �0.00 �0.00 �0.00

a Field 1, Moore County near Dumas, TX, sampled on 21 November 2003; n � 8. Field 2, Hardeman County near Chillicothe, TX, sampled
on 18 May 2005; n� 18. GrHs exp, greenhouse experiment, Texas Agricultural Experiment Station at Bushland, TX, sampled on 23 May 2005;
n � 10.

Fig. 1. Percentage of spectral reßectance (400Ð900-nm range) of greenbug-infested and uninfested winter wheat canopies
associated with two Þeld and one greenhouse experiment. (a) Field 1, Moore County, near Dumas, TX; n � 8. (b) Field 2,
Hardeman County near Chillicothe, TX; n � 18. (c) Greenhouse experiment at the Texas Agricultural Experiment Station
facilities at Bushland, TX; n � 10.
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1973) were 0.85 and 0.84, respectively. AI ranked Þfth
with an R2 of 0.59. The top-ranking indices for each
experiment had signiÞcantR2 values (� � 0.05) except
RGR (Table 3), which had a very low R2 value even
though it ranked third. Although the coefÞcient of
determination for AI ranked Þfth among the seven
vegetation indices in the greenhouse experiment, this
indexhadconsistent, and signiÞcant relationshipswith
greenbug density across the three data sets, with the
highest associations for Þelds 1 and 2 (Table 3). It is
interesting to note that althoughR2 values for AI were
not the highest, or even in the top three, in the green-
house experiment AI had the most consistent results
across all three experiments. AI and RGR had positive
relationships with greenbug abundance, whereas the
remaining exhibited negative associations. The value
of an index decreased with increasing damage sever-
ity, indicating a negative relationship.

Discussion

A signiÞcant increase in the reßectance from the
greenbug-damaged canopies in the visible region
(400Ð700 nm) was clear evidence that greenbug feed-
ing reduced the photosynthetic pigment concentra-
tions in particular chlorophylls, which leads to low-
ered photosynthetic rate of wheat (Castro and Rumi
1987; Riedell and Blackmer 1999; Nagaraj et al.
2002a,b). The reßectance peak from the undamaged
wheat at around 550Ð560 nm occurred due to green
light (500Ð600 nm) being reßected by the green leaf
pigments (Riedell and Blackmer 1999). The trend of
lower reßectance from the undamaged wheat cano-
pies switched in the red edge spectrum (720Ð740 nm).
From around 730 nm to 900 nm, the greenbug-dam-
aged wheat canopies had lower reßectance than un-
damaged wheat. This was most likely due to degen-
erated internal leaf structure, reduced leaf area, and
stunting plants caused by greenbug feeding (Castro
and Rumi 1987, Castro et al. 1988, Morgham et al.
1994). Spectral responses of Þeld bean leaf infected by
Botrytis fabae (Malthus and Madeira 1993) and winter
wheat infested by greenbug (Riedell and Blackmer
1999) showed similar patterns in reßectance shift.

Botrytis-infected leaf reßectance was higher in the
visible and lower in the NIR spectrum than uninfected
leaves, which was very similar to the spectral proper-
ties of greenbug-damaged wheat leaves (Riedell and
Blackmer 1999) and canopies found in this study.
However, switches in reßectance from lower to higher
when comparing undamaged leaves with damaged
leaves occurred around 700 nm in those studies rather
than in the range 720Ð740 nm observed in the current
study. These differences may be caused by reßectance
measurements of a single leaf in those studies versus
a canopy measurement made in this study.

The overall conclusion derived from the results pre-
sented in Table 2 and Fig. 1 is that remote sensing can
be a useful tool to monitor greenbug damage in a
wheat crop because statistical differences occurred
for all segments of the spectrum (400Ð900 nm) ana-
lyzed. This suggests that broad- and narrow-band im-
aging sensors can capture surface variations that de-
lineate greenbug damage in Þeld crops, by using an
appropriate scale coupled with the infestation size,
because image classiÞcation methods are based on the
similar and dissimilar information contained in an im-
age. Thus, statistical comparisons are made to classify
the surface characteristics of an image. Therefore,
these results indicate that remotely sensed image
could be used to monitor, identify, and discriminate
greenbug damage to a wheat crop within a Þeld or
across Þelds in a local area.

Although, as a caveat, using remote sensing for de-
termining greenbug infestation in winter wheat seems
to be site speciÞc. Figure 1 shows that the spectral
signatures for either infested or uninfested wheat de-
rived from Þeld 1 and Þeld 2 data differ in relative
reßectance, indicating that it is not easy, perhaps im-
possible, to compare Þelds to one another directly
from results presented in this manner. However, if the
differences between the spectral signatures for in-
fested and uninfested wheat in the two Þelds are
plotted (Fig. 2), the spectral response was very similar.
Plotting the same spectral signature differences for the
greenhouse data indicated that there were large dif-
ferences between the greenhouse and Þeld data. This
Þnding is expected, because greenbug density in the

Table 3. Coefficients of determination (R2) and probability associated with seven spectral vegetation indices and greenbug density
on winter wheat for two field and one greenhouse experiment

Indexa
Field 1b Field 2b GrHs Expb

Reference
R2 P R2 P R2 P

AI 0.69 �0.05 0.62 �0.05 0.59 �0.05 This study
PRI 0.45 0.08 0.20 0.06 0.51 �0.05 Peñuelas et al. (1994)
RGR 0.17 0.31 0.00 0.87 0.36 0.06 Gamon and Surfus (1999)
IRR 0.08 0.51 0.60 �0.05 0.75 �0.05 Tucker (1979)
MCARI 0.09 0.48 0.55 �0.05 0.78 �0.05 Daughtry et al. (2000)
GNDVI 0.01 0.79 0.37 �0.05 0.85 �0.05 Gitelson and Merzlyak (1997)
NDVI 0.07 0.54 0.33 0.05 0.84 �0.05 Rouse et al. (1973)

a AI � (�761 � �908)/(�712 � �719). �761 and �908: reßectance values from wavebands centered at 761 and 908 nm with a spectral resolution �
7 nm. PRI � (�550 � �530)/(�550 	 �530). RGR � �600/�502. IRR � �789/�663. MCARI � (�698 � �670) � 0.2 � (�698 � �550) � (�698/�550). GNDVI �
(�747 � �537)/(�747 	 �537). NDVI � (�789 � �649)/(�789 	 �649).
b Field 1, Moore County near Dumas, TX, sampled on 21 November 2003, n� 8. Field 2, Hardeman County near Chillicothe, TX, sampled

on 18 May 2005; n� 18. GrHs exp, greenhouse experiment, Texas Agricultural Experiment Station at Bushland, TX, sampled on 23 May 2005;
n � 10.
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greenhouse was much higher than in the Þelds, and
there was little to no background noise from exposed
soil. Also, the uninfested greenhouse wheat was prob-
ably in better condition than the uninfested wheat in
the Þeld, not having been exposed to harsh winter
conditions, and having relatively clean leaves com-
pared with wheat in the Þeld.

Linear regression analyses conÞrmed varying rela-
tionships between spectral vegetation indices and
greenbug density across the Þelds and greenhouse
experiment. The AI had the highest relationships with
greenbug density for Þelds 1 and 2, whereas indices
from the literature worked better for the greenhouse
experiment compared with AI. This indicates that
most of the spectral vegetation indices have the ability
to discern robust relationships with high greenbug
density, as observed in the greenhouse experiment,
but not make the same discernment with lower green-
bug densities as found in Þelds 1 and 2. The relation-
ships between the AI and greenbug densities were
more consistent, positive, and signiÞcant across the
Þeld and greenhouse experiments than the other six
indices. Peñuelas et al. (1995) concluded that SIPI
minimized the confounding effects of leaf surface and
mesophyll structure and was useful for assessment of
physiology and phenology of vegetation. Therefore,
AI, which was derived from SIPI, seems to be a valid
and consistent index to study small grain aphids using
remotely sensed data in both Þeld and laboratory
conditions.

The poor relationships between the other spectral
vegetation indices and greenbug density collected in
Þelds 1 and 2 might be inßuenced by damage severity.
One possible reason for the weaker relationships
might be lower damage severity found in Þelds 1 and
2 compared with the greenhouse experiment (Tables
1 and 3). The mean greenbug damage to wheat was

35% in Þeld 1 and 47% in Þeld 2 (Table 1). Zhang et
al. (2003) tested the ability of hyperspectral image
data to distinguish the severity of late blight disease
from stage 1 (slight) to stage 4 (severe) in tomato. The
authors concluded that the diseased vegetation at
stages 1 and 2 was difÞcult to separate from the healthy
plants, whereas tomatoes infected by late blight dis-
ease at stages 3 to 4 were separated from uninfected
tomatoes. Discrimination of healthy rice plants from
those lightly infected by rice sheath blight was difÞcult
because of the high overlap in the estimated image
indices, whereas identiÞcation was more accurate
when disease was moderate to severe (Qin and Zhang
2005). Another potential reason for weaker relation-
ships for Þelds 1 and 2 was the noise added by reßec-
tance of a large soil background. During the data
collection, Þeld 2 had the most exposed soil in each of
the 18 1-m2 plots followed by Þeld 1. The greenhouse
experiment results indicated that data collected in a
controlled environment produced the strongest cor-
relations among the indices, implying that variation in
the greenhouse was much less than that in the Þeld.

The regression results found in this study were
strongly supportedby theÞndingsofYanget al. (2005)
who identiÞed six wavebands (560, 580, 630, 694, 800,
and 830 nm) among the 16 bands of a Þeld radiometer
that were more sensitive to greenbug density and
damage to wheat because there were larger differ-
ences in reßectance values between greenbug-in-
fested and uninfested wheat canopies. Reßectance in
these wavebands were strongly correlated (r ranged
from 0.68 to 0.96) with greenbug density. This spectral
range covers the majority of the wavebands used to
calculate vegetation indices given in Table 3 in this
study. Yang et al. (2005) reported that vegetation
indices might be more sensitive to greenbug infesta-
tion because vegetation indices differentiated undam-

Fig. 2. Percentage of reßectance difference between greenbug-infested and uninfested winter wheat canopies associated
with two Þeld and one greenhouse experiment. Field 1, Moore County, near Dumas, TX; n � 8. Field 2, Hardeman County
near Chillicothe, TX; n � 18. GrHs Exp, a greenhouse experiment at the Texas Agricultural Experiment Station facilities at
Bushland, TX; n � 10.
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aged from damaged wheat at an earlier date in the
development of a greenbug infestation than individual
wavebands. The correlation coefÞcients between the
NDVI and SR and greenbug density ranged from
�0.74 to �0.98 in their study. Yang et al. (2005) and
Riedell and Blackmer (1999) discussed the advantage
of using vegetation indices over wavebands because
vegetation indices have the capacity to reduce the
variation in environment due to illumination differ-
ences, atmospheric attenuation, cloud and leaf shad-
owing, and reßectance from the soil, dead material,
and litter.

This study showed the usefulness of remotely
sensed data to quantify undamaged and damaged
wheat due to greenbug feeding at the canopy level in
production winter wheat Þelds. A greenhouse exper-
iment, conducted to verify Þeld data in a controlled
condition, was in agreement with the results obtained
from two Þelds. Therefore, hyperspectral remotely
sensed data with an appropriate pixel size has the
potential to portray greenbug density and discrimi-
nate its damage to wheat in production Þelds with
repeated accuracy and precision. In addition, once
applied to the image, the relationship between AI and
greenbug density and spectral signatures of undam-
aged and damaged wheat by this aphid will produce
density and damage maps. These maps provide de-
tailed spatial and temporal information on greenbug
abundance and its damage, which can be used for site
speciÞc aphid management in precision agriculture.
Future studies should focus on testing image data
acquired by satellite or aircraft platforms to detect
greenbug or other aphid infestations in small grains at
larger scales.
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